Abstract. Slow-growing compact calluses were initiated from bulb scales of Lilium longiflorum cv. Nellie White that had been cultured for at least 6 months on Murashige and Skoog (MS) medium with 9 mM dicamba. To develop a reliable selection system, the sensitivity of nontransformed calluses and in vitro plants to different selective agents such as phosphinothricin, kanamycin, geneticin, paromomycin, and hygromycin was tested when grown on MS medium. Nontransformed calluses showed high sensitivity to 0.5 mgÁL -1 phosphinothricin, 25 mgÁL -1 geneticin, and 5 mgÁL -1 hygromycin. Nontransformed plants grown in vitro died on either 2 mgÁL -1 phosphinothricin or 75 mgÁL
Abstract. Slow-growing compact calluses were initiated from bulb scales of Lilium longiflorum cv. Nellie White that had been cultured for at least 6 months on Murashige and Skoog (MS) medium with 9 mM dicamba. To develop a reliable selection system, the sensitivity of nontransformed calluses and in vitro plants to different selective agents such as phosphinothricin, kanamycin, geneticin, paromomycin, and hygromycin was tested when grown on MS medium. Nontransformed calluses showed high sensitivity to 0.5 mgÁL -1 phosphinothricin, 25 mgÁL -1 geneticin, and 5 mgÁL -1 hygromycin. Nontransformed plants grown in vitro died on either 2 mgÁL -1 phosphinothricin or 75 mgÁL
hygromycin. Plants did not die when grown on either 200 mgÁL -1 kanamycin or 100 mgÁL -1 geneticin, and 100 mgÁL -1 paromomycin stimulated plant growth. Transformation was achieved using biolistics on callus bombarded with either the bar-uidA fusion gene under control of the CaMV 35S promoter or npt II and uidA under control of the CaMV 35S promoter. One week after biolistic bombardment, callus bombarded with the bar-uidA fusion gene was cultured for 1 month on MS medium supplemented with 9 mM dicamba and 0.1 mgÁL -1 phosphinothricin and then transferred to 0.2 mgÁL -1 phosphinothricin for 1 month followed by 1.0 mgÁL -1 for the next 4 months. Regenerating shoots and well-established plants were cultured on MS medium lacking hormones and with either 0.2 mgÁL -1 or 2.0 mgÁL -1 phosphinothricin, respectively. Callus bombarded with the npt II gene was cultured on MS medium with 50 mgÁL -1 geneticin until shoots regenerated. Regenerated shoots were cultured on MS medium lacking hormones. Under optimal conditions, 10 transgenic plants were selected from seven plates of callus bombarded with the bar-uidA fusion gene using phosphinothricin for selection. Both Southern hybridization of genomic DNA and polymerase chain reaction analysis verified the presence of the transgene in transformed 'Nellie White' plants. Transgenic plants were phenotypically normal, and they were crossed with nontransformed plants of L. longiflorum cvs. Sakai, Yin tung, Sakai, and Flavo. The presence of the bar gene in 41% of the T1 progeny plants confirmed stable integration of the transgene into the genomic DNA of transgenic lily plants. b-glucuronidase expression resulting from the uidA gene was demonstrated in leaves and roots of some of the transgenic lily plants by histochemical staining, determination of the specific activity of the b-glucuronidase enzyme, and Northern hybridization.
Lilies are an important floral crop worldwide that ranked fourth for value on the Dutch Auction in 2002. They are used as cut flowers, pot plants, and grown in the garden. In the United States, all lily species sold as cut flowers had a wholesale value of $78.2 million making them the number one selling cut flower with 116,312,000 stems sold, and pots of Easter lilies sold for a wholesale value of $38,488,000 (USDA Statistics for Floriculture Crops, 2005) .
There are a few recent reports on the transformation of lilies. Agrobacteriummediated transformation of Lilium longiflorum and Oriental lilies has been demonstrated (Hoshi et al., 2004; Mercuri et al., 2003; Ogaki et al., 2008) . Biolistic-mediated transformation has been reported for L. longiflorum and Lilium ·formolongi (Ahn et al., 2004; Cohen et al., 2004; Irifune et al., 2003; Watad et al., 1998) .
All published transformation studies used the Easter lily, L. longiflorum, cv. Snow Queen as material (Cohen et al., 2004; Mercuri et al., 2003; Watad et al., 1998) , except for Ahn et al. (2004) who used a hybrid of unknown origin. We have found that callus and plants of the L. longiflorum cv. Nellie White respond differently than 'Snow Queen' to auxins and kanamycin. Successful transformation of 'Snow Queen' was achieved using kanamycin for selection of putative transformants (Cohen et al., 2004) , but our 'Nellie White' callus and plants cannot be selected using kanamycin because both grow on 200 mgÁL -1 kanamycin. Almost all of the Easter lilies currently grown in the United States are the cultivar Nellie White, and this has been the predominant cultivar in the United States for many years (Lee Riddle, Easter Lily Foundation, personal communication). Successful transformation in the United States requires a system for 'Nellie White' because Easter lilies in the United States are vegetatively propagated, and hybridizing 'Nellie White' with other cultivars is not a commercially feasible alternative at this time.
This is the first report for transformation of the L. longiflorum cv. Nellie White and the first verification that a transgene is transmitted to the T1 progeny of Lilium sp. indicating stable integration of the transgene.
Materials and Methods
In vitro plant materials. Bulb scales of Lilium longiflorum cv. Nellie White (bulbs received from Dahlstrom and Watts Bulbs, South River, CA) were surface-sterilized 20 min in 15% (v/v) Clorox (Clorox Co., Oakland, CA) with 20 drops/L Tween 20 ) with a 12-h photoperiod.
Callus was induced from bulb scales removed from in vitro-grown plants cultured on MS medium supplemented with 9 mM 3,6-dichloro-o-anisic acid (dicamba) in the dark at 25°C. Plant and callus cultures were transferred once a month to fresh medium.
Evaluation of selection agents on growth of callus and plants. Approximately 1 g fresh weight of callus was grown on MS medium supplemented with 9 mM dicamba. Kanamycin (50, 100, 200 mgÁL ) was added to the medium by filter sterilization to the autoclaved medium. Callus was grown in the dark and transferred to fresh medium every 21 d. Four pieces of callus were cultured in separate petri plates on each concentration of the selection agent, and the final:initial fresh weight increase was determined for four to five transfer periods if the callus was growing well or three transfer periods if the callus died after one or two transfers onto fresh medium.
'Nellie White' shoots derived from bulb scales 2 to 3 cm tall were grown on MS medium supplemented with the selection agents as used for callus, except that the concentration of hygromycin was increased to 25, 50, and 75 mgÁL -1 because the lower concentrations used to inhibit callus growth did not inhibit growth of the plants. Shoots were grown in a 12-h photoperiod and transferred every 21 d to fresh medium for five subcultures. Five shoots were grown on each concentration of the selection agent, and the experiment was repeated.
Transformation. Plasmid DNA was isolated using alkaline lysis followed by cesium chloride gradient purification (Maniatis et al., 1982) . Callus was plated the day before bombardment on solid MS medium supplemented with 9 mM dicamba and 0.125 M mannitol. The callus was bombarded with either pDM327 (received from David McElroy, Verdia, Redwood City, CA) that contains the bar-uidA fusion gene under control of the CaMV 35S promoter or pCAMBIA 2301 (CAMBIA, Canberra, Australia) that contains the npt II and uidA genes under control of the CaMV 35S promoter (Fig. 1 ). Cells were bombarded 2·/plate using the PDS-/He system (Bio-Rad, Richmond, CA) that delivered 0.75 mm gold particles. Gold particles were Callus was transferred to increasing concentrations of phosphinothricin (step selection) unless stated otherwise. In one experiment, the selection agent was 50 mgÁL -1 geneticin, and a nonstep selection was used. Callus was bombarded with pDM327 or pCAMBIA 2301 in Expts. 1 through 4 and 5, respectively. coated with plasmid DNA according to the method of Sanford et al. (1993) . The gene gun had a 1-cm gap and 1-cm flying membrane distance. The target distance was either 9 or 12 cm, and cells were bombarded at 900, 1100, or 1300 psi. Callus was transferred to selection medium 7 d after bombardment. A step selection was used for callus bombarded with pDM327 as follows. The selection medium was MS medium supplemented with 0.1 mgÁL -1 phosphinothricin (AgroEvo, Somerville, NJ) for 1 month, 0.2 mgÁL -1 the next month, and 1.0 mgÁL -1 the following months. Any shoots that regenerated during this time were removed from the callus and transferred to MS medium lacking hormones and containing 0.2 mgÁL -1 phosphinothricin. Callus was transferred monthly to fresh medium and grown at 25°C in the dark. After %5 months, when it became evident which callus had survived selection, the callus was transferred to MS medium lacking hormones and supplemented with 0.2 mgÁL -1 phosphinothricin. Callus was placed in a 12-h photoperiod when shoots began regenerating from the callus. Newly regenerated shoots were placed on MS medium with 0.2 mgÁL -1 phosphinothricin, and shoots that were %2 cm tall were transferred to Magenta jars containing MS medium and 2 mgÁL -1 phosphinothricin. Plants were transferred to fresh medium monthly and grown in a 12-h photoperiod provided by cool white fluorescent lights at an intensity of 40 to 60 mmolÁm -2
Ás
-1 at 25°C for regeneration and proliferation.
Five experiments were conducted to determine the factors that might affect the transformation efficiency of lily callus (Table  1) . In two experiments, callus was bombarded with pDM327 using 900, 1100, or 1300 psi. A third experiment compared selection on phosphinothricin using either a step increase in phosphinothricin each month as described previously or an immediate exposure of the callus to MS medium with 9 mM dicamba and 1.0 mgÁL -1 phosphinothricin 1 week after bombarding with pDM327. The target distance from the macrocarrier with gold to the petri plate with the callus, 9 or 12 cm, was compared in a fourth experiment. Callus bombarded with pCAMBIA 2301 in Expt. 5 was cultured on MS medium with 9 mM dicamba and 50 mgÁL -1 geneticin until shoots regenerated. Newly regenerated shoots larger than 2 cm tall were cultured on MS medium lacking hormones.
Transgenic plants that had developed several leaves and roots in vitro were transplanted to soil (Metromix 200; Scotts Company, Marysville, OH), grown at 4°C for 6 weeks for their roots to establish, and then grown in the greenhouse maintained at 24 to 26°C/21 to 23°C (day/night). Transgenic lilies cv. Nellie White was used as either the male or female parent in crosses with nontransformed L. longiflorum of cvs. Flavo, Snow Queen, Sakai, and Yin tung (gift from the Easter Lily Foundation). Seeds from light brown seed pods were cultured on MS medium for germination.
b-glucuronidase evaluation. The uidA gene codes for b-glucuronidase (GUS). Tissues of lilies were used for histochemical determination of GUS expression according to a modification of the method by Jefferson et al. (1987) . Tissues were incubated for 16 h at 37°C in a 0.1 M sodium phosphate monobasic (NaH 2 PO 4 ), pH 7.0 solution containing 20% methanol, 0.1% Triton X-100, 0.5 mM potassium ferricyanide, 0.5 mM potassium ferrocyanide, and 1 mM 5-bromo-3-chloro-3-indolyl-b-D-glucuronic acid that had been dissolved in a minimal amount of dimethyl sulfoxide. Leaves were destained by incubating for 48 h at 25°C in 70% ethanol.
The specific activity of GUS was determined by fluorometric measurement of 4-methylumbelliferone according to the method by Jefferson et al. (1987) . Three leaf samples, each %300 mg fresh weight, were collected from each transgenic plant line grown in vitro and ground on ice in extraction buffer consisting of 50 mM NaH 2 PO 4 , pH 7.0, 10 mM EDTA, pH 8.0, 0.1% Triton X-100, 0.1% sarkosyl, and 10 mM b-mercaptoethanol using a microfuge tube and pestle. The ground tissues were centrifuged, and the supernatant was added to assay buffer (1 mM methyl umbelliferyl-D-glucuronide in extraction buffer) incubated at 37°C, and the reaction ended using 0.2 M sodium carbonate. Fluorescence was measured at 365 nm excitation and 455 nm emission using a BioRad VersaFluor Fluorometer (BioRad, Richmond, CA). The protein concentration of the plant extracts was calculated using the bicinchoninic protein assay reagent (Pierce Co., Rockford, IL) according to the manufacturer's instructions. Nontransformed plants were used as the negative control.
Genomic DNA analysis. DNA was isolated for polymerase chain reaction (PCR) from leaves of in vitro-grown plants using the FASTPREP plant DNA purification system according to the manufacturer's instructions (Qbiogene, Carlsbad, CA). The bar gene was amplified using the primers 5#-CAT GCC AGT TCC CGT GCT TGA AG-3# and 5#-GTC AAC TTC CGT ACC GAG CCG CAG-3#. The uidA gene was amplified using the primers 5#-TAA CCT TCA CCC GGT TGC CAG AGG-3# and 5#-CTT TAA CTA TGC CGG AAT CCA TCG-3#. Each PCR reaction consisted of 50 mL containing 200 ng DNA, 1.0 mM MgCl 2 , 0.2 mM of each dNTP, 0.2 mM of each primer, and 0.5 units of Platinum Taq DNA polymerase (Invitrogen, Carlsbad, CA). Amplification for the bar and uidA genes was performed by denaturation at 94°C for 4 min followed by 36 cycles of 94°C for 20 s, 67°C for 30 s, 72°C for 2 min, and then one cycle of 72°C for 10 min using an MJ Research PTC-0200 Peltier Themal Cycle (MJ Research, Waltham, MA).
DNA was isolated for Southern hybridization from leaves of in vitro-grown plants according to the method of Dellaporta et al. (1983) . DNA (30 mg) was digested with Xba I and then electrophoresed on a 0.7% agarose gel in TBE buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA, pH 8.0). Transfer of DNA to a Nytran nylon membrane (SchleicherSchuell, Keene, NH) was accomplished by capillary movement. The probe was a 2.4-kb DNA fragment excised from pDM327 using Sst I, then gel-purified using Prepagene (BioRad) according to the manufacturer's instructions followed by labeling with a-[ 32 P]dCTP using the DECAprime II kit (Ambion, Austin, TX). The DNA blot was incubated in prehybridization buffer for 1 h at 42°C followed by incubation in hybridization buffer with the labeled probe for 16 h at 60°C (Maniatis et al., 1982) . The blot was washed for 15 min each wash at 55°C in 2· SSC, 0.2% sodium dodecyl sulfate (SDS), then 1· SSC, 0.2% SDS, and lastly in 0.1· SSC, 0.2% SDS. The blot was exposed to x-ray film at -70°C with an intensifying screen for 5 d.
Northern blot hybridization. RNA was isolated from leaves of in vitro-grown plants using lithium chloride (Vervoerd et al., 1989) and then subjected to electrophoresis using a MOPS/formaldehyde gel. RNA (10 mg/lane) was transferred to a Nytran membrane using capillary movement. The RNA blot was incubated in Ultrahyb (Ambion) for 1 h at 42°C followed by incubation in the same buffer with labeled probe for 16 h at 42°C. The probe was generated by PCR amplification of the uidA gene from pDM327 using the previously described primers. PCR amplification was performed using an MJ Research Microcycler PTC-200 programmed for 94°C for 1 min followed by 30 cycles (94°C for 1 min, 55°C for 1 min, and 72°C for 1 min) followed by 72°C for 10 min. The PCR product was purified using the MinElute PCR Purification Kit (Qiagen, Valencia, CA) and then labeled with [a-32 P]dCTP using the Decaprime Kit (Ambion). The RNA blot was washed at 42°C for 15 min each wash in 2· SSC, 0.2% SDS, then 1· SSC, 0.2% SDS, and lastly 0.1· SSC, 0.2% SDS and then exposed to x-ray film overnight with an intensifying screen at -70°C.
Statistical analysis. The SE was determined for callus and shoot samples cultured on various concentrations of the selection agents, kanamycin, geneticin, paromomycin, hygromycin, and phosphinothricin. Four petri plates, each containing callus that weighed %1 g fresh weight, were cultured for each concentration of the selection agent. Each petri plate of callus was treated as a replicate. Five shoots were grown separately in a Magenta jar on each concentration of the selection agent, and the experiment was repeated. Each Magenta jar was treated as a replicate. The variation in specific activity of GUS between samples was determined by SE. Three leaf samples taken from plants grown in separate Magenta jars were analyzed for specific activity for each plant line.
Results and Discussion
Selectable marker agents. Callus induced from bulb scales of 'Nellie White' was hard and compact rather than soft and friable ( Fig.  2A) . It was determined that phosphinothricin (0.5 mgÁL ) should be suitable for selecting putatively transformed callus because callus growth was effectively inhibited by these concentrations (Fig. 3) .
All nontransformed shoots grown in vitro on MS medium with either phosphinothricin (2 mgÁL -1 ) or hygromycin (75 mgÁL -1 ) died after 6 months (Fig. 4) . Most (90%) of the nontransformed shoots died after 6 months of growth on geneticin (100 mgÁL -l ) showing that the effective concentrations of selection agents are higher for lily plants than callus. Although others have successfully used 30 or 80 mgÁL -1 kanamycin for selection of putatively transformed lily shoots of the cv. Snow Queen (Cohen et al., 2004; Mercuri et al., 2003) , 'Nellie White' shoots were not killed, and they did not turn white when grown on kanamycin (200 mgÁL -1 ). It is doubtful that a kanamycin concentration exceeding 200 mgÁL -1 would be useful for selection of lily shoots, and a better alternative is using geneticin that 'Nellie White' shoots are sensitive to. Paromomycin (50 to 100 mgÁL -1 ) stimulated growth of the 'Nellie White' shoots. Shoots grown on 100 mgÁL -1 paromomycin produced more leaves and roots than the control shoots and multiplied to form new shoots, whereas shoots growing on MS medium lacking paromomycin did not form any new shoots. Phosphinothricin and geneticin were chosen for selection of putatively transformed shoots in our experiments based on these results. Future experiments will use hygromycin because lily shoots were more sensitive to hygromycin than geneticin.
Transformation and transgene expression. Five experiments using various shooting pressures (900, 1100, 1300 psi), two shooting distances (9 or 12 cm), and either a step or nonstep selection were done for callus (Table  1) . Selection was by a step selection using increasing concentrations of phosphinothricin in Expts. 1, 2, 3, and 4, except as indicated in Expt. 3. Although 10 putatively transformed plants were obtained from shooting seven plates of callus in Expt. 1, there were only zero to two putatively transformed plants from each of Expts. 2 through 5. Various shooting pressures, shooting distances, the step versus nonstep selection using phosphinothricin, and selection with geneticin did not appear to affect the transformation frequency. Other researchers have reported transformation resulting in only a few transformed lily plants except for Cohen et al. (2004) who obtained numerous transformants using a homemade, Finer-type gene gun. Molecular analysis is required to verify that these numerous transformants are independently transformed lines.
Putatively transformed plants were selected from callus that had been bombarded with pDM327 that consists of the bar-uidA fusion gene under control of the CaMV 35S promoter. Forty-eight hours after bombardment with pDM327, the callus showed numerous blue spots after histochemical staining for GUS expression. Histochemical staining of callus showed large regions, and the initial development of small plantlets with GUS expression 2 months after bombardment indicating sustained cell division of GUS-expressing cells (Fig. 2B) . Transformed plants that regenerated from the callus showed GUS expression typically at wound sites of their leaves (Fig. 2C ) and roots.
Both PCR analysis and Southern hybridization using DNA isolated from the leaves confirmed the presence of the bar and uidA genes in the genomic DNA (Fig. 5) . Lines 1A, 2A, and 4B were selected from callus bombarded in separate petri plates in Expt. 1, and line 40(1) came from Expt. 3 when the callus was step-selected on phosphinothricin (Table 1) .
Several leaf samples taken from a single plant were confirmed by PCR to contain the bar gene indicating that the plants analyzed were probably not chimeric (data now shown). The radioactive signal resulting from hybridization of transgene with the 2.4-kb bar-uidA probe was weak for line 1A but obvious for lines 4B, 2A, and 40(1) following Southern hybridization when the genomic DNA was incubated with Xba I to release the bar-uidA gene insert. Although the baruidA gene insert should be the same size when isolated from lily genomic and plasmid pDM327 DNA, the pDM327 insert ran faster through the agarose gel than the genomic DNA insert, possibly as a result of a difference in DNA conformation.
Northern hybridization of an RNA blot demonstrated that all four transformants produced a 1.8-kb RNA transcript for the uidA gene (Fig. 6) . Levels of the uidA transcript were considerably higher in line 4B as compared with the other three lines. Possibly the site of insertion into the lily genome was more favorable for transgene expression in the case of line 4B than for the other three lines. GUS expression was visualized in all four lines by histochemical staining, and the specific activity of GUS was determined for leaves of each of the four plant lines analyzed (Fig. 7) . The results by histochemical staining, specific activity of GUS, and Northern hybridization are in agreement that levels of GUS expression for line 4B are considerably higher than for lines 1A, 2A, and 40(1). Plants were grown in the greenhouse and developed phenotypically normal flowers as indicated by the numerous fertile seeds produced when the transgenic lilies were used as either the male or female parent in crosses with nontransformed L. longiflorum plants of cvs. Snow Queen, White Europe, Flavo, Yin tung, and Sakai (Fig. 2D) . Approximately 100 to 200 seeds germinated from a single seed pod of Line 1A when crossed with the cv. Flavo, and other crosses resulted in similar numbers of viable seeds. Twenty-seven T1 progeny plants resulting from the fertilization of 20 transgenic plants were analyzed by PCR (data not shown). The bar gene was present in 11 (41%) of the T1 progeny plants indicating that the bar gene was stably integrated into the lily genome allowing it to be passed to the progeny. If a single copy of the transgene is integrated into the lily genome, 50% of the T1 progeny would have the transgene after crossing with a nontransformed plant. Because 41% of the T1 progeny had the transgene, it appears that the transgenic lines contained a single copy of the transgene. It was anticipated that very few or none of the T1 progeny would have the bar gene because the difficulty in transforming lilies made us hypothesize that possibly the lily genome rejects foreign DNA at a high frequency and that the transgene is often not stably integrated into its genome.
In conclusion, transformation of 'Nellie White' has been achieved resulting in fertile plants. Stable integration of the bar gene has been verified by successful transmission of the transgene to the T1 progeny. Expression of the uidA gene was demonstrated in leaves of transformed plant lines by both specific activity of GUS and presence of the RNA transcript. Future experiments are now needed to improve the transformation efficiency. 
